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ABSTRACT
We present an observational study of the stellar mass function of satellite galaxies around central
galaxies at 0.2 < z < 1.2. Using statistical background subtraction of contaminating sources
we derive satellite stellar mass distributions in four bins of central galaxy mass in three redshift
ranges. Our results show that the stellar mass function of satellite galaxies increases with central
galaxy mass, and that the distribution of satellite masses at fixed central mass is at most weakly
dependent on redshift. We conclude that the average mass distribution of galaxies in groups
is remarkably universal even out to z = 1.2 and that it can be uniquely characterized by the
group central galaxy mass. This further suggests that as central galaxies grow in stellar mass,
they do so in tandem with the mass growth of their satellites. Finally, we classify all galaxies
as either star forming or quiescent, and derive the mass functions of each subpopulation sepa-
rately. We find that the mass distribution of both star forming and quiescent satellites show
minimal redshift dependence at fixed central mass. However, while the fraction of quiescent satellite
galaxies increases rapidly with increasing central galaxy mass, that of star forming satellites decreases.
Keywords: galaxies: groups: general – galaxies: luminosity function, mass function
1. INTRODUCTION
Galaxy mass distributions in the universe have long
been regarded as an important characteristic of galaxy
populations, and as a key tracer of their evolution over
time. Many of the physical processes that govern the evo-
lution of galaxies directly affect their masses, and as a
consequence, also their global number density. Galaxy
mergers, star formation and feedback mechanisms all
leave their imprint on the shape and normalization of
the galaxy stellar mass function. Therefore, tremendous
effort has been devoted to observational studies of the
global distribution of galaxy masses, pushing this mea-
surement to higher redshifts and to lower mass limits
(e.g., Bell et al. 2003; Bundy et al. 2006; Marchesini
et al. 2009; Ilbert et al. 2010; Muzzin et al. 2013a;
Tomczak et al. 2014). Similarly, the success of many nu-
merical investigations of galaxy evolution is determined
in large part by their ability to reproduce the observed
galaxy stellar mass function (e.g., Croton et al. 2006;
Guo et al. 2011).
Galaxies that reside in groups and clusters are subject
to environmental processes that affect their star forma-
tion rates and masses. Consequently, the distribution of
galaxy masses in such halos is somewhat different from
the overall stellar mass function. It is characterized by a
gap between the mass (or luminosity) of central galaxies
and their satellite galaxies and it exhibits different frac-
tions of star forming and quiescent galaxies in different
environments (e.g., Jones et al. 2003; Milosavljevic´ et
al. 2006; van den Bosch et al. 2007; Bolzonella et al.
2010; Kovacˇ et al. 2010; Vulcani et al. 2013; Knobel et
al. 2013; Deason et al. 2013; Van der Burg 2013). In a
series of papers, Yang et al. analyzed group membership
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catalogs using extensive photometric and spectroscopic
data from the Sloan Digital Sky Survey, to analyze the
mass distribution of galaxies in groups at z ∼ 0. They
found that the distribution of satellite galaxy masses can
be reliably predicted from the halo mass of a given group,
or alternatively, from the stellar mass of its central galaxy
(the conditional stellar mass function; Yang et al. 2007,
2008, 2009).
In this letter we follow an alternative approach to study
the stellar mass function of galaxies in groups in a large
range of satellite and central masses, and over a signifi-
cant redshift range. Instead of assigning membership of
individual galaxies to specific halos, we measure the aver-
age masses of galaxies in these environments using statis-
tical background subtraction of contaminating sources.
This technique has been shown to be effective in studies
of satellite galaxies in general (e.g., Masjedi et al. 2006,
2008; Tal et al. 2012a, 2013; Budzynski et al. 2012;
Nierenberg et al. 2012), and of the stellar mass function
of satellites in particular (e.g., Tal & van Dokkum 2011;
Tal et al. 2012b; Wang & White 2012). One of the main
advantages to this approach is that it allows us to rely
on photometric surveys and thus probe the intermediate
redshift universe using mass limited samples.
Throughout the letter we adopt the following cosmo-
logical parameters: Ωm = 0.3, ΩΛ = 0.7 and H0 = 70
km s−1 Mpc−1.
2. PHOTOMETRIC CATALOG AND SAMPLE
SELECTION
Galaxies for this study were selected from the public
photometric catalog1 of Muzzin et al. (2013b), based
on the first data release of UltraVISTA, an ongoing ul-
tra deep near-infrared survey with the European South-
1 www.strw.leidenuniv.nl/galaxyevolution/ULTRAVISTA
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Figure 1. Redshift dependence of the satellite stellar mass function at 0.2 < z < 1.2 in four bins of fixed central galaxy mass. Black points
and gray regions show the range of central galaxy masses in each panel. Blue, green and red points represent satellite masses at different
redshifts, as well as their corresponding statistical uncertainties. Blue, green and red lines are double-Schechter fits to the data at each
redshift and thick purple lines are fits to the entire satellite population in each panel. The stellar mass functions of satellite galaxies at a
given central galaxy mass are consistent with one another across the studied redshift range over essentially the entire spectrum of analyzed
satellite masses. In contrast, the distribution of satellite masses varies significantly with the mass of their central galaxy, in agreement with
the conditional stellar mass function model (Yang et al. 2009). This weak dependence on redshift, and strong dependence on central mass
imply that the average mass distribution of satellite galaxies can be reliably predicted solely from the mass of their central at 0.2 < z < 1.2.
ern Observatory VISTA survey telescope (McCracken et
al. 2012). The catalog covers an area of 1.62 deg2 in
the COSMOS field, includes photometry in 30 bands,
and provides excellent photometric redshifts (σz/(1 +
z) = 0.013 with catastrophic outlier fraction of 1.56%).
Galaxy stellar masses are calculated assuming Kroupa
(2001) initial mass function, and are estimated to be 95%
complete down to a stellar mass limit of 5 × 109M at
z < 1.2 (Muzzin et al. 2013a).
2.1. Central Galaxy Identification
We identified central galaxy candidates from the Ultra-
VISTA catalog in three stellar mass bins of width 0.4 dex,
in addition to one bin of width 0.2 dex at the steep high
mass end of the galaxy mass function. We then divided
galaxies from the four mass bins into three redshift inter-
vals, spanning a total range of 0.2 < z < 1.2. Galaxies
were considered to be central if no other, more massive,
2
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Figure 2. Number of satellites and their total stellar mass as a function of central galaxy mass. Solid purple lines represent the number
of satellites (left panel) and the total stellar mass enclosed in them (right panel) as estimated by integrating double-Schechter fits to the
satellite mass functions at each central mass range (purple line in Figure 1). Dashed, dotted and dot-dashed lines show this calculation at
each redshift separately. Green lines depict the same measurements for contaminating background and foreground sources (as extracted
from randomly positioned apertures). Broad spectral coverage of photometric data and consequent excellent photometric redshifts in the
UltraVISTA catalog allow us to keep a relatively low contaminating source fraction (∼ 20%−40%). Also noted in the figure are the average
fractional contributions of satellite mass to the overall mass budget in their halos. While satellite galaxies account for only ∼ 27% of the
stellar mass in groups around low mass centrals, satellites around massive centrals contain as much stellar mass as the central galaxy itself.
galaxies could be found within two projected virial radii.
Virial radius estimates at a given stellar mass and red-
shift were determined using the semi-analytic model of
Guo et al. (2011).
2.2. Statistical Measurement of Satellite Galaxies
In order to study the mass distribution of satellite
galaxies around the selected centrals we followed the sta-
tistical background subtraction procedure described by
Tal et al. (2012b). We utilized photometric redshift mea-
surements from the UltraVISTA catalog to identify all
galaxies within two projected virial radii from each cen-
tral that are separated from it by no more than dz = 0.05.
This choice of aperture size was aimed at making a rather
inclusive selection of possible satellite galaxies. While
some fraction of these sources are indeed physically asso-
ciated with the studied groups, other sources are poten-
tially misidentified and instead lie in the background or
the foreground of the halo. We account for this contri-
bution of contaminating sources by repeating the same
analysis in randomly positioned apertures in the field.
For each central galaxy we selected a position at ran-
dom from the area allowed by the catalog coverage mask
(as described in Muzzin et al. 2013b). At this random
position, we identified all galaxies that would be regarded
as satellite candidates according to virial radius estimates
and redshift of the corresponding central. This procedure
was repeated 20 times for each central galaxy.
3. SATELLITE GALAXY STELLAR MASS
FUNCTIONS
The stellar mass functions of satellite galaxies in the
studied groups are revealed after removing the aver-
age contribution of contaminating background and fore-
ground sources. We derived the mass distribution of all
sources that were found within the central galaxy cen-
tered apertures at each redshift in each of the four stel-
lar mass bins. Similarly, we measured the mass func-
tions of sources in randomly positioned apertures, thus
quantifying the contribution from galaxies at the same
mass and redshift that are not associated with the se-
lected centrals. The difference between the average mass
functions in apertures centered around centrals and in
apertures centered around randomly selected positions
is taken to be the mass distribution of satellite galaxies
that are physically associated with the targeted groups.
Error estimates in our satellite mass functions include
statistical uncertainties as were calculated from the 20
random apertures per central galaxy.
The results are shown in Figure 1. Each panel shows
the stellar mass function of satellite galaxies in three red-
shift intervals over a fixed range of central stellar mass.
Completeness limits in stellar mass estimates define the
plotted mass range at each redshift. The mass distri-
butions of central galaxies are marked in each panel
as black points and a gray region. Solid blue, green
and red lines are model fits to each combination of cen-
tral mass and redshift range, relying on the sum of two
Schechter (1976) functions as the underlying model. The
thick purple line is a similar double-Schechter model fit
to the entire satellite galaxy population in each panel.
For comparison, the average mass function from the
10.1 < log(Mcen/M) < 10.5 panel is shown in the
other panels as a dashed purple line. Finally, the error
bars in Figure 1 mark statistical uncertainties as calcu-
lated from the standard deviation of the 20 random mass
functions per central galaxy. We note that the choice
of double-Schechter model fitting was motivated by re-
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Figure 3. Stellar mass function of star forming and quiescent satellite galaxies. Black points and gray regions show the range of central
galaxy masses in each panel. Blue and red points represent the mass distribution of star forming and quiescent galaxies, respectively.
Different marker symbols denote satellite mass functions at different redshifts. Blue and red lines are double-Schechter fits to the star
forming and quiescent satellite data and the think purple line is a double-Schechter fit to the entire satellite population in each panel (same
as in Figure 1). The stellar mass functions of star forming galaxies at different redshifts are consistent with one another in the range
0.2 < z < 1.2, while the mass distributions of quiescent satellites are essentially constant with redshift at Msat/M & 10. The relative
contribution of each subpopulation to the overall satellite mass distribution strongly varies with central mass.
sults from recent studies, who found that such fits bet-
ter describe galaxy stellar mass functions than a single
Schechter function (e.g., Baldry et al. 2008; Li & White
2009; Muzzin et al. 2013a; Tomczak et al. 2014). Best-fit
model parameters are given in Table 1.
3.1. Lack of Redshift Dependence in the Distribution
of Satellite Masses at fixed central mass
The stellar mass functions of satellite galaxies at any of
the four central galaxy mass ranges show no sign of sig-
nificant dependence on redshift. As can be seen in Fig-
ure 1, satellite mass distributions at different redshifts
are consistent with one another within statistical uncer-
tainties. By contrast, the overall distribution of satellite
masses is strongly dependent on the mass of their central
galaxy (and by proxy also on the group halo mass). This
is evident from comparison of the satellite mass function
at each selection range of Mcen with that of the low-
est central mass bin (dashed purple curve in Figure 1).
The difference between the curves in each of the panels
4
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Figure 4. Relative contribution of star forming and quiescent satellite galaxies. Blue and red lines show the fractions of satellite counts
(left panel) and stellar mass (right panel) of star forming and quiescent satellite galaxies, respectively. The number of quiescent satellites
nearly reaches that of star forming satellites at the most massive end of the analyzed central mass range (Mcen/M ∼ 2.5×1011). However,
since quiescent satellites preferentially occupy the massive end of the satellite mass function (as can be seen in Figure 3), the total stellar
mass enclosed in them dominates over that of star forming satellites even in lower mass halos (with Mcen/M ∼ 1.2× 1011).
clearly shows that while the slope of the low mass end
of the satellite mass function stays relatively unchanged,
the overall normalization grows quickly with increasing
central mass.
The strong dependence of the stellar mass function of
satellite galaxies on the mass of their central galaxy at
z = 0 has been demonstrated by Yang et al. (2009).
Here we show that this dependence holds to at least
z = 1.2. Remarkably, this suggests that the mass dis-
tribution of satellite galaxies can essentially be charac-
terized by a single parameter (either central galaxy mass
or its associated halo mass) over more than 60% of the
age of the universe. The simplicity of this observed rela-
tion is accentuated by the complexity of processes that
determine the distribution of satellite masses in indi-
vidual groups. Strikingly, the combined effect of such
processes apparently does not depend on redshift in the
range 0.2 < z < 1.2.
3.2. Contribution of Satellites to the Group Stellar
Mass Budget
Figure 2 shows the overall growth in the number and
mass of satellite galaxies with increasing central galaxy
mass (purple lines). The total number density (left
panel) and stellar mass density (right panel) of satel-
lite galaxies were derived by integrating each best-fit
model from Figure 1 over the satellite mass range 8.7 <
log(M/M) < 12.0. For comparison, we also show the
total number and mass of contaminating sources as de-
rived from randomly positioned apertures (green lines).
The number and mass of satellite galaxies grow dramat-
ically over the studied central mass range. Around the
lowest mass centrals we find an average number of 2 satel-
lites which make up roughly 27% of the total stellar mass
in the group. Around the most massive centrals this
number increases to nearly 16 satellites, and the total
stellar mass that is enclosed in them roughly equals the
stellar mass of their centrals. As groups undergo hierar-
chical growth at z < 1 (e.g., Williams et al. 2012), they
move up the track in Figure 1. This result suggests that
the stellar mass in central and satellite galaxies must
grow in tandem, and that the total mass in satellites
grows at a faster rate than that of centrals.
4. STELLAR MASS FUNCTIONS OF QUIESCENT
AND STAR FORMING SATELLITES
In this section we analyze the mass distributions of
star forming and quiescent satellites separately. We do
so by classifying each galaxy in our sample as either “star
forming” or “quiescent”, following the method described
by Williams et al. (2009) and later successfully repeated
in numerous studies (e.g., Brammer et al. 2011; Szomoru
et al. 2012; Barro et al. 2013; Muzzin et al. 2013a; Tal
et al. 2014). Williams et al. (2009) showed that galaxies
out to z = 2 can be reliably identified as having a low
star formation rate based on a set of rest frame U − V
vs. V − J (UV J) color selection criteria. Here we adopt
the UV J threshold values that were found by Muzzin et
al. (2013b) using redshift and rest frame color estimates
from the same UltraVISTA survey catalog that we utilize
in this study.
Figure 3 shows the resulting stellar mass functions of
star forming and quiescent satellites as a function of cen-
tral galaxy mass and redshift. As in Figure 1, black
points mark central galaxy masses and thick purple lines
follow the best-fit double-Schechter model to the entire
sample in a given panel. Blue and red points and error
bars show the mass distributions and statistical uncer-
tainties of star forming and quiescent galaxies, respec-
tively. Thick blue and red lines depict the best double-
5
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Table 1
Double-Schechter best fit parameters
All galaxies
Central mass log(M∗/M) α1 log(Φ∗1) α2 log(Φ
∗
2)
10.1 < Mcen < 10.5 9.61± 0.01 1.55± 0.52 0.29± 0.04 −1.05± 0.05 0.87± 0.08
10.5 < Mcen < 10.9 10.09± 0.01 0.83± 0.13 0.91± 0.04 −1.28± 0.01 0.71± 0.03
10.9 < Mcen < 11.3 10.41± 0.01 −1.29± 0.01 0.77± 0.07 0.42± 0.10 1.81± 0.10
11.3 < Mcen < 11.5 10.73± 0.01 −1.40± 0.06 0.85± 0.76 −0.31± 0.21 3.67± 0.47
Star forming
Central mass log(M∗/M) α1 log(Φ∗1) α2 log(Φ
∗
2)
10.1 < Mcen < 10.5 9.60± 0.01 1.44± 0.64 0.27± 0.04 −1.04± 0.06 0.81± 0.08
10.5 < Mcen < 10.9 10.07± 0.01 0.56± 0.27 0.69± 0.03 −1.30± 0.02 0.62± 0.05
10.9 < Mcen < 11.3 10.53± 0.02 −0.46± 0.67 0.85± 0.13 −1.42± 0.12 0.34± 0.28
11.3 < Mcen < 11.5 10.81± 0.01 −1.13± 0.02 1.26± 0.11 −2.91± 30.6 0.01± 0.01
Quiescent
Central mass log(M∗/M) α1 log(Φ∗1) α2 log(Φ
∗
2)
10.1 < Mcen < 10.5 9.63± 0.01 2.53± 0.96 0.02± 0.01 −1.17± 0.14 0.06± 0.01
10.5 < Mcen < 10.9 10.00± 0.01 1.96± 0.55 0.14± 0.01 −1.00± 0.11 0.12± 0.01
10.9 < Mcen < 11.3 10.46± 0.01 0.33± 0.04 1.15± 0.01 −1.72± 0.06 0.04± 0.01
11.3 < Mcen < 11.5 10.71± 0.01 −1.71± 0.14 0.11± 0.03 −0.12± 0.14 3.03± 0.16
aThe single Schechter model is defined as: Φ(M) = ln(10)Φ∗
[
10(M−M
∗)(1+α)
]
× exp
[
10(M−M
∗)
]
Schechter model fits to all galaxies in their respective
subpopulation.
4.1. Rise of the Massive Quiescent Satellites
Similarly to the overall satellite mass functions, the
mass distributions of both star forming and quiescent
satellites exhibit no more than a weak dependence on red-
shift. The stellar mass functions of star forming satellite
galaxies at any given central mass are consistent with one
another over the entire analyzed redshift range (blue lines
in Figure 3). The same appears to be true for quiescent
satellites at high masses (log(M/M) & 10), although
there is possible evidence for growth with time at lower
masses (with large uncertainties). We note that evidence
for different evolution at the low and high end of the mass
spectrum of quiescent galaxy populations has also been
found in studies of the global stellar mass function (e.g.,
Peng et al. 2010; Moustakas et al. 2013; Muzzin et al.
2013a; Tomczak et al. 2014).
The main difference between the mass functions of star
forming and quiescent galaxies is in their relative con-
tribution to the overall satellite mass distribution as a
function of central mass. While the fraction of star form-
ing galaxies at all satellite mass bins decreases with in-
creasing central mass, the fraction of quiescent satellites
rises sharply. Moreover, the relative number of galaxies
from each subpopulation does not vary evenly across the
satellite mass range. Quiescent satellites preferentially
occupy the high mass end of the stellar mass function
(at log(M/M) & 10) and make up most of the mas-
sive satellite population around massive centrals. At the
same time, star forming galaxies account for most of the
low mass satellites in all analyzed central galaxy mass
bins.
This can be seen in Figure 4, where we calculate
the fractional contribution of star forming and quies-
cent galaxies to the overall number density (top left)
and mass density (top right) of satellites as a function
of central mass. As before, solid blue and red lines rep-
resent star forming and quiescent galaxy subpopulations
over 0.2 < z < 1.2, and dashed, dotted and dot-dashed
lines show similar measurements at individual redshift
bins. While star forming satellites make up the ma-
jority of the satellite galaxy population around centrals
in all mass bins, the total mass in quiescent galaxies
dominates the mass budget around massive centrals, at
log(M/Mcen) & 11.1.
5. SUMMARY
The stellar mass function of satellite galaxies is an
important ingredient in galaxy evolution studies, as its
shape and normalization are strongly affected by several
key processes in group and cluster halos. In this letter
we utilized statistical background subtraction to derive
satellite mass functions in three fixed stellar mass sam-
ples of central galaxies in the redshift range 0.2 < z <
1.2.
We showed that the mass distribution of satellite galax-
ies is independent of redshift for any given value of cen-
tral galaxy mass. In addition, since the satellite mass
function increases strongly with the mass of the central,
this suggests that as groups grow with time, they move
along a universal central-to-total stellar mass relation.
In addition, we integrated the mass functions of
all samples and showed that on average, the number
of satellites increases from roughly 2 around central
galaxies at log(Mcen/M?) ∼ 10.3 to more than 16 at
log(Mcen/M?) ∼ 11.4. Furthermore, the total stellar
mass that is enclosed in satellite galaxies increases from
roughly 27% of the total group mass at the low mass end
to nearly 50%, where the most massive centrals in this
study contain as much stellar mass as their satellites.
Finally, we derived stellar mass functions for star form-
ing and quiescent satellites independently, and found
that both are at most weakly dependent on redshift at
fixed central mass. We showed that the relative contri-
bution of each subpopulation to the overall number and
mass of satellites varies with central mass and that quies-
cent satellites preferentially occupy the high mass end of
the mass spectrum. As a result, the fraction of quiescent
6
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satellites reaches ∼ 46% around the most massive sub-
set of analyzed centrals (Mcen/M ∼ 11.4), where more
than 65% of the total satellite mass is locked in quiescent
galaxies.
This is the first time that such an analysis is performed
at the stellar mass and redshift ranges that are presented
here, and it demonstrates that despite the complexity
and large range of processes that govern satellite galaxy
evolution, the resulting average satellite mass function
follows a simple relation with central mass out to z ∼ 1.2.
We thank Kim-Vy Tran for engaging discussions which
contributed to this work.
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This study is based in part on a Ks-selected cata-
log of the COSMOS/UltraVISTA field from Muzzin et
al. (2013b). The catalog contains PSF-matched pho-
tometry in 30 photometric bands covering the wave-
length range 0.15µm → 24µm and includes the available
GALEX (Martin et al. 2005), CFHT/Subaru (Capak
et al. 2007), UltraVISTA (McCracken et al. 2012), S-
COSMOS (Sanders et al. 2007), and zCOSMOS (Lilly et
al. 2009) datasets. The catalog was derived using data
products from observations made with ESO telescopes at
the La Silla Paranal Observatory under ESO programme
ID 179.A-2005 and on data products produced by TER-
APIX and the Cambridge Astronomy Survey Unit on
behalf of the UltraVISTA consortium.
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